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Introduction
In order to evaluate the mechanisms leading to syncope, a continuous recording of blood pressure and ideally also stroke volume is required because the events proceed rapidly (60, 118, 209) . Invasive procedures themselves induce a neurally mediated syncope, and therefore, blood pressure is preferably recorded non-invasively (11, 262) . The least intrusive technique available that adequately monitors changes in the arterial pressure is the fi nger volume clamp method (11).
Application of pulse wave analysis to the arterial fi nger pressure (FINAP) offers a non-invasive and continuous recording of stroke volume. The analysis is based on models of the arterial system assuming that the aortic dimension and also elastic properties remain constant (34, 74) although they are known to change when the distending pressure of the aorta is changed (302). A three-element model of the arterial input impedance (Modelfl ow) is advanced that takes into account the non-linear aortic pressure-area relationship (138). Modelfl ow computes a fl ow wave from the arterial pressure wave that is integrated to obtain the stroke volume of the heart. Head-up tilt testing is used for the evaluation of patients with neurally mediated syncope (11, 57) . A change in body position infl uences the effect of gravity on the cardiovascular system, hereby changing the sympathetic tone to the heart and blood vessels (228). In response to assumption of the upright position, either actively by standing up or passively by head-up tilt, sympathetic outfl ow increases (182), whereas in the head-down position sympathetic tone decreases (177). Also, the upright position raises the hydrostatic pressure in the arteries below the hydrostatic indifference point which is located approximately at the level of the left ventricle and therefore reduces the pressure in arteries above that level (21, 228) . Both head-up and head-down tilt may change the arterial input impedance by modulating sympathetic tone and transmural vascular pressures. The Modelfl ow computation of stroke volume is, however, based on a supine model of the arterial hemodynamic characteristics and it is unclear if under the condition of orthostatic stress, stroke volume can be derived from the arterial pressure wave. We addressed if the model approach, validated for supine intra-arterial pressure (303), is applicable also during 44 orthostatic stress. The study in awake healthy subjects under varying degrees of active or passive orthostatic stress was designed to compare a thermodilution determined stroke volume (TDSV) with Modelfl ow stroke volume (MFSV) obtained from brachial intra-arterial pressure (IAP) and from non-invasively determined FINAP.
Methods

Subjects
Ten healthy subjects (nine males) were studied after informed consent as approved by the Ethical Committee of Copenhagen. Their mean age was 29 (range 20-39) years, height 183 (170-191) cm, and weight 74 (68-82) kg (Table 1 ). All subjects had normal physical fi tness without sports training. They had no history of orthostatic fainting and used no medication. In subject S8, the difference between mean K for IAP vs. FINAP was related to cuff malpositioning on the finger.
Pressure Measurements
Under local anaesthesia (2% lidocaine), a catheter (20 G; internal diameter:1.0 mm) was placed in the brachial artery (radial artery in subject S2) of the non-dominant arm and a balloon-tipped thermodilution catheter (model 93A-831H-7.5F, Baxter Healthcare Corporation, Irvine, CA) was introduced percutaneously through the left basilic vein under continuous ECG recording. 
Thermodilution
The thermodilution catheter was connected to a Baxter COM-2 cardiac output computer (Baxter-Edwards). A 10 ml sample of iced glucose solution (5%) was drawn from a CO-SET cooling unit (Baxter) and injected by a pneumatic power injector (Broszeit Medizintechnik) over ~ 3 seconds (114). Following the passage of the thermodilution curve and after at least 18 seconds, the syringe was refi lled automatically. Each thermodilution curve was checked visually for shape and appearance time before acceptance. One thermodilution cardiac output estimate was taken as the average of four random injections. In all subjects (except S10), each series of four TD injections was preceded by one manual injection to prime the syringe and the catheter with cold liquid.
Modelflow Stroke Volume
Beat-to-beat stroke volume was estimated with the Modelfl ow method ( Figure 3 in Chapter 2.2). The method uses a non-linear, three-element model of the aortic input impedance to compute an aortic fl ow waveform from the arterial pressure wave. The fl ow waveform is integrated per beat to yield stroke volume (see Chapter 2.2).
Experimental Protocol
After an overnight fast, the subjects were attached to instruments at 09.00 hours in a room with an ambient temperature of 22q C and a test run was performed to familiarize the subject with the protocol. The protocol started with a period of supine rest after which periods of standing and tilt at various degrees were interspaced with further periods of supine rest to re-establish baseline ( Figure 1 ). In each position, one or more series of four thermodilution cardiac output estimates were performed. All subjects were observed by the same physician. The prolonged orthostatic stress was terminated by returning the subject to the horizontal position either after 60 min head-up tilt or 10 min in the active standing position, or earlier at the subject's request, or when blood pressure decreased more than 20 mmHg for systolic or more than 5 mmHg for diastolic blood pressure (271). Consequently, the full protocol could not always be completed. 
Data Acquisition and Analysis
A PC-based system was used to control and mark the thermodilution injections, to start the COM-2, and to read its output via the serial port. An event marker was used to identify the onset of changes in posture. The IAP, pulmonary arterial pressure, right atrial pressure, FINAP, and marker signals were sampled at 100 Hz, stored on disk and also recorded on a polygraph (Graphtec) for on-line inspection. Signals to and from the computer were routed through an interface providing electrical isolation. Signals requiring offset and sensitivity adjustments went through additional variable offset and gain amplifi ers. For determination of cardiac output by averaging series of four thermodilution estimates, hemodynamic variables must remain relatively stable (86, 113) . The stability of the signals was verifi ed by examining heart rate, systolic, mean and diastolic arterial pressures, mean pulmonary arterial and mean right atrial pressures over the episodes of each individual thermodilution estimate (Figure 2 ). If any variable differed more than 10% from the mean of the series, the series was rejected (115). To obtain unbiased averages of the thermodilution determined cardiac output, injections are executed at random phases of the respiratory cycle.
In this study, injections were at regular intervals of 36 seconds, and since respiration was spontaneous and irregular, the injection moment was assumed to be 'random'. This was tested for each subject by two-way analysis of variance. period to obtain the average TDSV. Thus, three simultaneous stroke volume estimates were available for analysis for each series. The supine average TDSV was used to calibrate the pressure-derived stroke volumes by multiplying uncalibrated model stroke volume by the ratio (calibration factor K) of TDSV to either MFSV IAP and MFSV FINAP .
The pooled data and stroke volume during HUT70 (head-up tilt at 70º) were not normally distributed and are expressed as mean with ranges. The data obtained for the HDT20 (head- 
Results
In subject S5, thermodilution injections required as much as 10 s rather than the usual 3 s, and errors and alerts were frequently noted. An analysis of variance showed systematic differences in stroke volume within a series of four injections but not between the manoeuvres, while in all other subjects the signifi cant variation was between manoeuvres and not within the series of four injections; therefore this subject was excluded from the analysis. In two subjects, active standing had to be terminated after four and fi ve minutes, respectively because they experienced pre-syncopal symptoms with a fall in blood pressure.
In four subjects, HUT70 was terminated after 9, 9.5, 28 and 34 min respectively because of near-fainting; three of the subjects had a fall in blood pressure and one subject was tilted back on his own request.
A total of 160 TDSV series were therefore available in the nine remaining subjects. The 10% criterium for hemodynamic stability was not fulfi lled in two series (in two subjects).
Due to an unnoticed displacement of the fi nger cuff, three series in subject S8 in the HUT70 position were rejected. Thus, 155 series (97%) of MFSV IAP and MFSV FINAP remained available for comparison. For both pressure sites, the calibration value (K) is listed in Table 1 . In six of the nine subjects the fi nger cuff was repositioned to another fi nger of the same hand because of discomfort in the cuffed fi nger, usually after 2 hours of continuous monitoring. After repositioning of the cuff to another fi nger, the study was continued, usually within 5 min, when a reliable stable FINAP was confi rmed by checking waveform and blood pressure level. Repositioning of the cuff did not affect the FINAP or calculated stroke volume. Differences between TDSV and stroke volume from respectively IAP and FINAP did not dependent on blood pressure or heart rate. Figure 3 ). 
Supine Position and Head-down Tilt
TDSV did not change signifi cantly from the supine to the head-down tilt position ((values of 113±12 ml (range 81-137ml) and 114±13 ml (range 94-133 ml) respectively). Both indices of MFSV tended to underestimate TDSV during HDT20, but the offset was signifi cant only for MFSV IAP (-6r6 ml, compared with -4r7 ml for MFSV FINAP ) (Table 3 and Figure 4 ).
Head-up Tilt and Standing
On moving from the supine position to HUT30 position, TDSV decreased 24% to 86±12 ml (range 60-103 ml) (Figure 4 ). In the upright body position, MFSV overestimated TDSV.
The difference from TDSV was similar for MFSV FINAP (5±2 ml) and MFSV IAP (6r3 ml; not signifi cant) (Table 3 ). In the HUT70 position, TDSV dropped 51% to 55 ml (range 33-83 ml); the offset of MFSV FINAP from TDSV was not signifi cant (3(-6-33ml)), unlike that of MFSV IAP from TDSV (11(-1-51 ml; p<0.01)). During head-up tilt, there was no systematic trend in the difference between FINAP and IAP ( supine position to standing, TDSV decreased by 40% to 68 ml (range 41-94 ml) (Figure 4 ). For MFSV FINAP the offset induced by standing (3r9 ml) was not signifi cant, unlike that for MFSV IAP (12r9 ml; p<0.01) (Table 3 ). In subject S8, the finger cuff was switched to another position during tilt-up; bs: before switch, as: after switch.
Tracking of Stroke Volume
In all subjects except one, MFSV FINAP tracked TDSV in all body positions, including HUT 70 for one hour ( Figure 5 ). In subject S10, MFSV FINAP deviated from TDSV during orthostatic stress, giving an underestimate of the orthostatic fall in TDSV. 
Discussion
The present study investigated whether the decrease in cardiac stroke volume evoked by orthostatic stress can be derived from a non-invasive arterial pressure waveform using a model based on hemodynamic characteristics of the human aorta in the supine position. In young adults it was demonstrated that stroke volume as obtained by simulation of this model using a non-invasively determined arterial pressure refl ects the TDSV, with a non-signifi cant offset over the full range of stroke volume changes observed during postural changes.
Body Position and Model Stroke Volume
Under varying degrees of active and passive orthostatic stress in humans, an accepted method for computing stroke volume from arterial pressure is not available. We compared a beat-by-beat determination of stroke volume with a determination based on thermodilution, i.e. a discontinuous method integrating over several heart beats. The Modelfl ow method uses a three-element model of the aortic input impedance to compute fl ow from the pulsation of the arterial pressure (303). The mechanical properties of the aorta dominate the impedance to outfl ow that is presented to the left ventricle in systole, which depend in turn on the difference between the intra-arterial pressure and the tissue pressure exerted on the outside of the aortic and arterial wall, i.e. the transmural pressure.
On moving from the supine to the upright position, the intra-arterial pressure below the level of the heart increases in proportion to the hydrostatic height, but it is unknown to what extent this rise in pressure is counterbalanced by an increased tissue pressure, and the respiratory movement-related abdomino-thoracic pump may also be of importance. Therefore it is unclear whether the orthostatic increment in intravascular pressures is translated into an increase in transmural pressure in the descending thoracic and abdominal aorta (21, 65, 228, 229) . Assumption of the upright position, either as a voluntary effort during standing or as a passive movement during head-up tilt, might increase aortic transmural pressure below heart level and consequently reduce its compliance. A reduction in compliance of the aorta implies that, for a given pressure, the actual volume of blood stored in the aorta becomes less than the computed volume from the three-element model of the aortic input impedance (303) which mimics the impedance of the aorta in the supine position. This view is supported by the fi nding that, in comparison with the TDSV estimate, the computed MFSV was greater in the upright body position and smaller in the head-down position, but only so when the MFSV based on an intra-arterial reading of blood pressure. The cardiovascular stress is intensifi ed during maintained head-up tilt, with amplifi cation of refl ex vasoconstriction (308). Maintaining the HUT70 for one hour, however, did not infl uence the offset of the MFSV, and we take this to imply that the estimate of peripheral vascular resistance included in the model (303) is simulated appropriately.
Accuracy of Thermodilution Method
We attributed the differences between MFSV (303) and TDSV estimates entirely to the model. The thermodilution method is based on the law of conservation of energy, i.e. that the temperature at the site of injection is the same as that at the site of detection, that mixing of 54 the indicator and blood is complete, that the induced temperature change can be discriminated accurately from the fl uctuations in baseline temperature, and that blood fl ow remains constant while the measurement is made (113). In the present study, the temperature of the indicator was measured at the entrance of the catheter lumen and corrected for. Iced injection fl uid yields a greater signal-to-noise ratio of the thermodilution signal and a lower variance of consecutive measurements than an equivalent volume of injection fl uid at room temperature (113). The addition of heat to the syringe by direct hand-contact (145) was avoided by using an automatic injector in combination with a closed delivery system that also reduces injection time and improves consistency in injected volume and linearity of injection rate (179). The Stewart-Hamilton equation used to calculate the area under the thermodilution curve is valid for constant blood fl ow only (86, 113) . Prolonged orthostatic stress elicits central hypovolemia by continued pooling of fl uid in the legs and splanchnic venous beds, and amplifi cation of refl ex vasoconstriction (167, 270) . This introduces oscillations in the central and arterial pressures, as well as in cardiac output; these are amplifi ed further by respiration (Figure 2 ), which inevitably increases the scatter of thermodilution estimates.
We restricted the infl uence of the respiratory oscillations in cardiac output in two ways. First, by distributing four injections randomly through the respiratory cycle, the accuracy of the seriesaverage cardiac output improves with the square root of the number of observations (114). Secondly, we excluded from the analysis the cardiac output series obtained under conditions when pressures and heart rate deviated by more than 10% from the their average values (Figure 2 ). Nevertheless, in awake subjects the prerequisite of constancy of blood fl ow during the period of the dilution curve may not be fully established during orthostasis, with an ongoing accumulation of blood in the legs and the occurrence of cardiovascular refl ex responses to it.
Absolute values for stroke volume are preferred, and model calibration against a standard is recommended, for both non-invasive and invasive arterial pressure measurements. On the other hand, for purposes of orthostatic stress testing and in ambulant patients, a continuous measure of stroke volume is preferably non-invasive, and absolute values of stroke volume are less relevant (11, 262) .
Site of Pressure Measurement
In the head-down position the offset of the MFSV obtained from both pressure sites was small. After transition to the upright position, the increase in the offset was signifi cant only for MFSV based on IAP, and not for that based on FINAP. A change in arterial pressure by a hydrostatic level error of the pressure transducer introduced by the change in body position is a possibility, although we attempted to minimize changes in height of the arterial pressure transducer with respect to the level of the heart. In addition, an orthostasis-related downward shift of the heart might have introduced a hydrostatic error in measurement of arterial pressure. Since no systematic trend was found in the difference between FINAP and IAP ( 
